ϩ channels are transmembrane proteins that consist of a pore-forming a subunit and auxiliary b1, b2 and b3 subunits.
ϩ -selective permeability. The inward Na ϩ current (I Na ) initiates axonal and somatic action potentials in nerve and muscle fibers, and may also be involved in axonal intraneuronal or interneuronal information transfer. 2) Na ϩ channels are one of the targets of cardiac-and neuroprotective treatments against pathologic conditions including arrhythmia and brain ischemia.
Ginseng, the root of Panax ginseng C. A. MEYER, is well known in herbal medicine as a tonic and restorative agent. The main molecular ingredients responsible for the actions of ginseng are the ginsenosides (also called ginseng saponins), which are also amphiphilic molecules.
3) Ginsenosides consist of three major different parts; steroid-like backbone structure, carbohydrate portions, and aliphatic side chain [-CH 2 CH 2 CHϭC(CH 3 ϩ channel activity expressed in Xenopus laevis oocytes. 4, 5) In the previous report, we also demonstrated that carbohydrate portion of 20(S)-Rg 3 play important roles in rat brain Na V 1.2 channel regulations. However, little is known about the role of aliphatic side chain coupled to the carbon-20 in 20(S)-Rg 3 -induced Na ϩ channel current inhibitions (Fig. 1) .
We herein identified the role of aliphatic side chain in 20(S)-Rg 3 -mediated Na ϩ channel regulation using a Xenopus oocyte gene expression system. This gene expression system has few endogenous ion channels, 6) and allows heterologous expression of ion channels for various biochemical studies. 4, 7, 8) We expressed rat brain Na ϩ channels by intraoocyte injection of cRNAs encoding the Na V 1.2 a and b1 subunits, 3, 4, 9) and examined the changes in I Na in response to 20(S )-Rg 3 and 20(S)-Rg 3 derivatives, which are chemically modified in the aliphatic side chain. We found that reduction of double bond in aliphatic side of Rg 3 induced more significant tonic and use-dependent inhibitions of the peak I Na following low-and high-frequency stimulations than Rg 3 , whereas deletion, hydroxylation, or oxygenation of the aliphatic side chain caused an attenuation or loss of Na ϩ channel current inhibitions. These results provide evidences that the aliphatic side chain of Rg 3 is involved in Na ϩ channel regulation and that the enhancement or loss on Na ϩ channel current inhibitions by Rg 3 depends on chemical structures of the aliphatic side chain of Rg 3 .
MATERIALS AND METHODS
Materials 20(S)-Rg 3 and Rg 3 derivatives such as 2H-Rg 3 , 25OH-Rg 3 , Rg 3 -C6, protopanaxadiol (PPD), 2H-PPD, and Rg 3 -oxide were kindly provided by Ambo Institute (Seoul, Korea) (Fig. 1) . The cDNA for the rat brain Na ϩ channel Na V 1.2 a subunit was kindly provided by Dr. A. L. Goldin (University of California, Irvine, CA, U.S.A.) and that for the Na ϩ channel b1 subunit was kindly provided by Dr. T. Zimmer (Friedrich Schiller University, Jena, Germany). Other agents were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Preparation of Xenopus Oocytes and Microinjection X. laevis frogs were purchased from Xenopus I (Ann Arbor, MI, U.S.A.). Their care and handling was in accordance with the highest standards of institutional guidelines. For isolation of oocytes, frogs were anesthetized with an aerated solution of 3-amino benzoic acid ethyl ester and ovarian follicles were removed. The oocytes were separated by treatment with collagenase and agitation for 2 h in Ca 2ϩ -free medium containing 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM HEPES, 2.5 mM sodium pyruvate, 100 units/ml penicillin and 100 mg/ml streptomycin. Stage V-VI oocytes were collected and stored in ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , and 5 mM HEPES, pH 7.5) supplemented with 0.5 mM theophylline and 50 mg/ml gentamicin. This oocytecontaining solution was maintained at 18°C with continuous gentle shaking and renewed everyday. Electrophysiological experiments were performed within 5-6 d of oocyte isolation, with chemicals applied to the bath. For Na ϩ channel experiments, 40 nl of cRNAs encoding the Na V 1.2 a and b1 subunits was injected into the animal or vegetal pole of each oocyte 1 d after isolation, using a 10 ml VWR microdispenser (VWR Scientific, San Francisco, CA, U.S.A.) fitted with a tapered glass pipette tip (15-20 mm in diameter).
4)
Site-Directed Mutagenesis of Na V 1.2, and in Vitro Transcription of Na ϩ Channel Subunit cDNAs The substitutions mutations of single or triplet amino acids were performed using the QuikChange TM XL Site-Directed Mutagenesis Kit (Stratagene, La jolla, CA, U.S.A.), along with Pfu DNA polymerase and mutated sense and antisense primers. Overlap extension of the target domain by sequential polymerase chain reaction (PCR) was carried out according to the manufacturer's recommended protocol. The final PCR products were transformed to Escherichia coli strain DH5a, screened by PCR and confirmed by DNA sequencing of the target region. The mutant DNA constructs were linearized at the 3Ј end by NotI digestion, and run-off transcripts were prepared using methylated cap analog, m 7 G(5Ј)ppp(5Ј)G. The cRNAs were prepared using the mMessage mMachine transcription kit (Ambion, Austin, TX, U.S.A.) with T7 RNA polymerase. The absence of degraded RNA was determined by denaturing agarose gel electrophoresis followed by ethidium bromide staining. Similarly, recombinant plasmids containing wild-type Na V 1.2 a or b1 subunit cDNA inserts were linearized by digestion with the appropriate restriction enzymes, and cRNAs were obtained using the mMessage mMachine in vitro transcription kit (Ambion, Austin, TX, U.S.A.) with SP6 RNA or T7 polymerases. The final cRNA products were resuspended at a concentration of 1 mg/ml in RNase-free water, and stored at Ϫ80°C until use.
7)
Data Recording A custom-made Plexiglas net chamber was used for two-electrode voltage-clamp recordings. The chamber was constructed by milling two concentric wells into the chamber bottom (the diameter/height of the upper well was 8/3 mm and that of the lower well was 6/5 mm) and gluing plastic meshes (ca. 0.4 mm grid diameter) onto the bottom of the upper well. A perfusion inlet (ca. 1 mm in diameter) was drilled through the wall of the lower well, and a suction tube was placed on the edge of the upper well. For experiments, a single oocyte was placed on the net separating the upper and lower wells. The net grids helped anchor the oocyte in place during the electrophysiological recordings. The oocyte was then impaled with two microelectrodes filled with 3 M KCl (0.2-0.7 MW) and electrophysiological experiments were carried out at room temperature using an Oocyte Clamp (OC-725C, Warner Instruments, CT, U.S.A.). Stimulation and data acquisition were controlled with a pClamp 8 (Axon Instruments, Union City, CA, U.S.A.). 8) For most of the electrophysiological experiments on Na ϩ channel activity, oocytes were clamped at a holding potential of Ϫ100 mV and the membrane potential was depolarized to Ϫ10 mV for 100 ms every 5 s. Linear leak currents were corrected by means of the leak subtraction procedure.
4)
The voltage-dependence of Na ϩ channel activation was calculated by measuring the peak current at test potentials ranging from Ϫ50 to ϩ50 mV evoked in 5 mV increments. The conductance (g Na ) was calculated according to the equation, g Na ϭI Na /(V g ϪV r ), where I Na is the peak amplitude of the Na ϩ current, V g is the test potential, and V r is the reversal potential for Na ϩ . The conductance-voltage curves were drawn according to the equation g Na / max g Na ϭ1/{1ϩ exp[(V g0.5 Ϫ V g )/kg]}, where max g Na is the maximum value for g Na , V g0.5 is the potential at which g Na is 0.5 max g Na , and kg is the slope factor (potential required for an e-fold change). The voltagedependence of Na ϩ channel inactivation was determined using 200 ms conditioning pre-pulses ranging from Ϫ60 to ϩ20 mV from a holding potential of Ϫ100 mV in 5 mV increments, followed by a test pulse to Ϫ10 mV for 5 ms. The peak I Na was normalized to its respective maximum value ( max I Na ) and plotted as a function of the pre-pulse potential. The steady-state inactivation curves were drawn according to the equation, I Na / max I Na ϭ1/{1ϩexp[(V h ϪV h0.5 )/kh]}, where V h is pre-pulse potential, V h0.5 is the potential at which I Na is 0.5 max I Na , and kh is the slope factor.
The frequency-dependent effect of Rg 3 was examined using a protocol in which 50 depolarizing pulses of 10 ms duration and 10 Hz frequency were applied to Ϫ10 mV from a holding potential of Ϫ100 mV. The protocol was run in the absence (control) and presence of 2H-Rg 3 (10 or 100 mM). The current amplitude of each pulse was normalized to the peak maximal current (pulse number 1) and plotted as a function of pulse number.
The kinetics of the Rg 3 blockade of IFMQ3, which is the fast inactivation deficient mutant of Na V 1.2, was examined by clamping oocytes at Ϫ100 mV in ND96 solution. A single 500 ms depolarizing pulse to Ϫ10 mV was applied and the I Na was recorded. Different concentrations of 2H-Rg 3 (10, 30, 100 or 300 mM) were perfused into the bath for 1 min, and a second, single depolarizing pulse from Ϫ100 to Ϫ10 mV was given. 10) Recovery from open channel blockade was measured at a holding potential of Ϫ100 mV with a 10 ms depolarizing pre-pulse to Ϫ10 mV (P1) followed by a variable recovery period from 10 to 500 ms, subsequently followed by a 10 ms test pulse to Ϫ10 mV (P2).
Data Analysis To obtain the concentration-response curve of the effect of Rg 3 and Rg 3 derivatives on I Na , the peak amplitudes at different concentrations of Rg 3 and Rg 3 derivatives were plotted, and then fitted to the following Hill equation using the Origin software (Origin, Northampton, MA, U.S.A.):
, where y is the peak I Na at given concentration of Rg 3 and Rg 3 derivatives, y max is the maximal peak I Na , EC 50 is the concentration of Rg 3 and Rg 3 derivatives producing a half-maximum effect, [A] is the concentration of Rg 3 and Rg 3 derivatives, and nH is the interaction coefficient. All values are presented as meansϮS.E.M. The differences between the means of control and treatment values were determined using an unpaired Student's t-test. A value of pϽ0.05 was considered statistically significant. 3 and Rg 3 Derivatives, Which Are Modified in Aliphatic Side Chain, on Peak I Na in Oocytes Expressing Na V 1. 2 We examined effects of Rg 3 and Rg 3 derivatives, which are modified in aliphatic side chain (Fig. 1) , on peak I Na in oocytes expressing Na V 1.2. We recorded I Na by two-electrode voltage clamping of oocytes injected with cRNAs encoding Na V 1.2 a and b1 subunits. Oocytes were held at Ϫ100 mV, and I Na was elicited by depolarization to Ϫ10 mV at a low frequency (0.2 Hz). This procedure minimized the use-dependent blockade and allowed evaluation of whether Rg 3 or Rg 3 derivatives produced a tonic blockade of peak I Na . 3, 4, 11, 12) As shown in Fig. 2A , the depolarizing voltage step induced a large inward I Na with rapid inactivation. The representative traces showed that 2H-Rg 3 , which is reduced in double bond of aliphatic side chain, caused more significant inhibitions of peak I Na than Rg 3 , whereas deletion (Rg 3 -C6), hydroxylation of dimethyl group (25OH-Rg 3 ), oxygenation (Rg 3 -oxide) of aliphatic side chain exhibited a slight or had no effect on the peak I Na (Fig. 2A) In addition, we also tested whether PPD or 2H-PPD, which has no carbohydrate portion or is reduced in double bond of the aliphatic side chain without carbohydrate portion of Rg 3 . Interestingly, we also found that PPD and 2H-PPD had no effect on peak I Na (Table 1) . Moreover, Rh 2 , which has only one carbohydrate at the carbon-3, exhibited much 482 Vol. 31, No. 3 Currents were elicited by single-step voltage pulses from Ϫ100 to Ϫ10 mV. * pϽ 0.01 compared with control. less effects on the peak I Na compared with Rg 3 ( Table 1 ). The Rg 3 , 2H-Rg 3 , and Rg 3 -oxide effects on peak I Na was concentration-dependent (Fig. 2B ) and the IC 50 value and Hill coefficient for Na ϩ channels are given in Table 1 . 2H-Rg 3 caused an approximately three-fold decrease in IC 50 value from 28.6Ϯ3.4 to 10.3Ϯ2.3 mM, whereas Rh 2 caused an approximately two-fold increase in IC 50 value from 28.6Ϯ3.4 to 52.4Ϯ3.1 mM. These results indicate that reduction of the aliphatic side chain of Rg 3 exhibits inhibitory effects without hydroxylation of the carbon-25. In addition to the aliphatic side chain, two carbohydrates also play a crucial role in Rg 3 -induced Na ϩ channel regulations as previously reported.
RESULTS

Effects of Rg
9)
The current-voltage relationships were assessed in the absence or presence of Rg 3 , 2H-Rg 3 , 25OH-Rg 3 , Rg 3 -oxide, and Rg 3 -C6 with voltage steps ranging from Ϫ50 to ϩ50 mV evoked from a holding potential of Ϫ100 mV every 5 s. As shown in Fig. 2C , addition of Rg 3 and 2H-Rg 3 caused a voltage-dependent reduction in peak I Na , with a more pronounced reduction noted at lower voltage ranges, whereas other Rg 3 derivatives exhibited only a slight inhibition of peak I Na in tested voltage steps.
Effects of Rg 3 and Rg 3 Derivatives on the Activation and Inactivation of Na V 1.2 Since Rg 3 treatment was shown to induce a depolarizing shift in the activation voltage but not inactivation voltage in rat brain Na V 1.2 channels, 4) we next examined the effects of Rg 3 and Rg 3 derivatives on the voltage-dependence of Na ϩ channel steady-state activation and inactivation. First, the effects of Rg 3 , 2H-Rg 3 , Rg 3 -C6, and 25OH-Rg 3 on Na ϩ channel activation was determined by a conductance transformation of the peak current-voltage relationship (Fig. 3A) , with the curves representing the best data fit using the Boltzmann function. There was a significant depolarizing shift of the half-maximal activation voltage (V g0.5 ) by treatment of 2H-Rg 3 and Rg 3 but not Rg 3 -C6, and 25OH-Rg 3 . We could not observe additional depolarizing shift of the half-maximal activation voltage by 2H-Rg 3 compared with Rg 3 . However, the slope factor (kg) was not significantly different (Table 2 ). We then investigated the effect of Rg 3 and Rg 3 derivatives on voltage-dependent Na ϩ channel inactivation by plotting the normalized peak I Na against the conditioning pre-pulse voltage (Fig. 3B) , and then fitting the data to the Boltzmann function. There was no significant difference in the half-maximal inactivation voltage (V h0.5 ) and the slope factor (kh) between control and modified Rg 3 treatment groups ( 13) and in previous report we showed that Rg 3 also exhibited use-dependent inhibition, 4) we tested whether 2H-Rg 3 and other Rg 3 derivatives behaved in the same way. I Na was elicited by 20-ms pulses from Ϫ100 to Ϫ10 mV for 50 times at 10 Hz. Each peak I Na was normalized to the first pulse peak I Na . Under control conditions, there was a slight reduction in peak I Na , while treatment with 2H-Rg 3 but not other Rg 3 derivatives induced further use-dependent inhibitions of peak I Na compared with Rg 3 (Fig. 4) . Thus, application of Rg 3 and 2H-Rg 3 produced the inhibition of peak I Na values by 32.5Ϯ6.7 and 47.4Ϯ7.4% ( pϽ0.005, compared with Rg 3 ). These results show that 2H-Rg 3 is a better use-dependent inhibitor of I Na than Rg 3 .
Effects of Rg 3 and Rg 3 Derivatives on a Fast Inactivation Gating-Deficient Mutant Na V 1.2 In our previous report, we demonstrated that Rg 3 also inhibits resting and open-state Na ϩ currents using a fast inactivation gating-deficient mutant channel (IFMQ3) by replacing residues IFM with three glutamines. 4) As previously reported, IFMQ3 mutant channels exhibited two components of inward Na ϩ currents; one is peak and the other is a steady-state inward currents. In this study, we examined whether 2H-Rg 3 exhibits stronger inhibitions in peak and steady-state Na ϩ currents than Rg 3 . We found that 2H-Rg 3 exhibited more potent inhibition of peak and steady-state Na ϩ currents than Rg 3 . The presence of 2H-Rg 3 caused a leftward shift in the concentration-response curve compared with Rg 3 by two-fold. The IC 50 values of Rg 3 acting on the peak and steady-state IFMQ3 mutant currents were 40.7Ϯ9.6 and 15.9Ϯ3.9 mM, respectively, 4) whereas the IC 50 values of 2H-Rg 3 acting on the peak and steady-state IFMQ3 mutant channel currents were 30.4Ϯ1.7 and 7.6Ϯ1.3 mM, respectively (Table 3) . However, Rg 3 -C6 almost had no effects on the peak and steady-state IFMQ3 mutant currents (Fig. 5B) . Figure 5C shows representative IFMQ3 mutant channel current traces normalized in the absence and presence of various concentrations of 2H-Rg 3 . The percent inactivation at 1 s was used to describe the extent of inactivation. 14) In the absence of Rg 3 (control), the percent inactivation at 1 s was 12.3Ϯ3.6% in the peak currents. The percent inactivation at 1 s increased to 14.4Ϯ4.6, 24.4Ϯ4.5, 46.2Ϯ6.2, and 63.7Ϯ5.1% compared to control currents by 10, 30, 100, and 300 mM, respectively. In the absence of 2H-Rg 3 , the percent inactivation at 1 s was 13.3Ϯ3.6%. The percent inactivation at 1 s enhanced to 20.4Ϯ4.6, 46.9Ϯ7.1, 68.8Ϯ6.5, and 83.3Ϯ6.2% compared to control currents by 10, 30, 100, and 300 mM, respectively (nϭ9; * pϽ0.05, * * pϽ0.01 compared with Rg 3 ). In the absence of Rg 3 -C6, the percent inactivation at 1 s was also 11.6Ϯ1.6 % (nϭ9; Fig. 5D ). The percent inactivation at 1 s only slightly increased to 14.4Ϯ1.6, 15.9Ϯ3.1, 17.8Ϯ2.5, and 21.3Ϯ6.2% compared to control currents by 10, 30, 100, 484 Vol. 31, No. 3 and 300 mM, respectively.
DISCUSSION
Ginseng has long been used as a treatment for a wide variety of ailments, and some of the purported effects of ginseng have been documented in laboratory studies. 5) Although the beneficial effects and modes on ginsenoside actions have not been fully elucidated, there are evidences that they can target the Na ϩ channels involved in neuronal excitability. Thus, Rg 3 has been shown to inhibit brain Na ϩ channel activity, 3, 4) and its effects are closely coupled to the inhibition of neurotransmitter release. 18) However, relatively little is known on the structure-activity relationships in Rg 3 -induced Na ϩ channel regulations.
Ginsenosides consist three different parts; steroid-like backbone structure, carbohydrate portions, and aliphatic side chain, which are coupled to carbon-20 of backbone structure (Fig. 1) . In the present study, we found that the aliphatic side of Rg 3 plays a differential role in Na V 1.2 channel regulations. The main evidences are as follows: first, reduction of double bond of aliphatic side chain significantly increased tonic inhibition of peak I Na , use-dependent inhibition, and a fast inactivation in inactivation gating-deficient mutant channels compared with Rg 3 (Fig. 2) ; second, hydroxylation or oxygenation of aliphatic side chain of Rg 3 greatly attenuated Rg 3 effects on Na ϩ channel; third, deletion of aliphatic side chain of Rg 3 caused a loss of Rg 3 effects on Na ϩ channel regulation. These results indicate that the aliphatic side chain of Rg 3 is also involved in Na ϩ channel regulation and show possibility that the aliphatic side chain of Rg 3 could be the main target in producing Rg 3 analogs (Fig. 2) .
The hydroxyl group at the carbon-20 of backbone structure of ginsenosides provides stereoisomers, (R)-and (S)-epimers. 15) In the previous study, we have shown that a slight difference in chemical structure between Rg 3 epimers produces a large difference in Na ϩ channel regulation. Thus, we demonstrated that voltage-dependent Na ϩ channel distinguishes 20(S)-Rg 3 from 20(R)-Rg 3 . Only 20(S)-Rg 3 shows an inhibitory effect on Na ϩ channel currents. As the evidences, we showed that 20(S)-Rg 3 treatment induced a large attenuation of Na ϩ channel activity with reversible and dosedependent manner, whereas 20(R)-Rg 3 had a slight effect, indicating that the effect of ginsenoside Rg 3 on Na ϩ channel activity is stereoselective.
On the other hand, Rg 3 including other ginsenosides is also amphiphilic compound, since aglycone (PPD) is the backbone of the Rg 3 , with a hydrophobic four-ring steroid-like structure that may be non-polar, whereas the two carbohydrates on the carbon-3 of backbone are polar (Fig. 1) . Our previous report showed that modifications of the carbohydrate portion of Rg 3 abolish its ability to inhibit neuronal Na ϩ channels. Furthermore, neither the aglycone (PPD) portion of Rg 3 , nor sophorose, a disaccharide of the carbohydrate portion of Rg 3 , had any effect on peak I Na , indicating that the amphiphilic property of Rg 3 is also necessary for Na ϩ current inhibitions.
9)
However, it is not yet known about the physiological role of the aliphatic side chain of Rg 3 , which is coupled to the carbon-20 of backbone structure. In the present study, we further demonstrated that the aliphatic side chain of Rg 3 also participates in Rg 3 -mediated Na ϩ channel current inhibitions. Interestingly, the role of the aliphatic side chain in Na ϩ channel regulation seems to be different from that of Rg 3 epimers or carbohydrate portion of Rg 3 , since modifications of the aliphatic side chain exhibited differential effects in Na ϩ channel current inhibitions. Thus, reduction of double bond of aliphatic side chain significantly increased Rg 3 -induced Na ϩ current inhibition, whereas hydroxylation of dimethyl group, oxygenation or deletion of aliphatic side chain causes an attenuation or loss of Rg 3 effects. One notion for the enhancement of Na ϩ current inhibitions by reduction of aliphatic side chain is as follows: single rather than double bond of aliphatic side chain might be less rigid for geometrically better alignment in the interaction of Rg 3 with Na ϩ channel proteins by reducing steric hindrance induced by double bond. In addition, since deletion of aliphatic side chain might remove the counterpart of Rg 3 for interaction with Na ϩ channel proteins, Rg 3 -C6 had no effects on Na ϩ channel activity. Taken together, the previous and present studies show that the aliphatic side chain as well as carbohydrate portions and position of hydroxyl group at the carbon-20 of Rg 3 are involved in Na ϩ channel regulations. We also tested the effects of Rg 3 analogs, which are modified in aliphatic side chain, on 5-HT 3A receptor and Kv1.4 channel activity. We found that these Rg 3 analogs were not selective for Na ϩ channel rather than they exhibited differential regulations between ligand-gated ion channels and voltage-gated ion channels (data not shown). Currently, we are doing further investigations to elucidate the role of aliphatic side chain in ginsenoside-induced voltage-and ligand-gated ion channel regulations.
On the other hand, recent reports showed that Rg 3 , which is in vivo administered into rat, could be metabolized into several components. First, Rg 3 loses one carbohydrate at the carbon-3 and then further is metabolized into aglycone (PPD) in rat plasma. 16) Qian et al. showed in rat gastrointestinal tract that Rg 3 also undergoes mono-or di-oxygenation processes by adding one or two molecules of oxygen to aliphatic side chain, resulting in production of epoxy compounds. 17) Furthermore, they also showed that these epoxy products of aliphatic side chain of Rg 3 was removed with Rg 3 -C6 or Rh 2 -C6 formation. Interestingly, in the present study, we showed that Rg 3 derivatives such as Rh 2 , PPD, oxygenated products of Rg 3 and Rg 3 -C6 exhibited only a slight inhibition of peak I Na or had no effect on peak I Na , whereas reduction of aliphatic side chain of Rg 3 increased the inhibitory effect of Rg 3 on peak I Na . These results show a possibility that the regulatory effects of Rg 3 on Na ϩ channel activity might be lost if Rg 3 is metabolized after in vivo administration as other drugs do.
In summary, we have used Rg 3 and Rg 3 derivatives, which are modified in the aliphatic side chain, to further characterize structure-activity relationship of Rg 3 in regulation of rat brain Na ϩ channel activity. We found that reduction of the double bond of aliphatic side chain increased Rg 3 -mediated Na ϩ current inhibitions, whereas hydroxylation, oxygenation or deletion of aliphatic side chain attenuated or abolished Rg 3 action on Na ϩ channel regulation. These novel findings might provide an insight in identifying the functional groups of Rg 3 in Rg 3 -mediated Na ϩ channel regulations.
